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EmMARY

and sliding friction properties of a number of nickel alloys
against hardened SAE 52100 steel were studied. The alloys
beryllium nickel, heat-treated beryllium nickel, cast Ihconel,

Nimonic 80, Inconel X, Refractalloy 26, and Discaloy. Sow of the
alloys studied may be useful aa material for cages of rolling-contact
bearings that operate at high speeds with temperatures above 600° F in
projected aircraft turbine engines or for bearings that operate in
corrosive medtumso

Desirable operating properties and the absence of extreme mass
. welding of all the materials studied could be associated with the devel-

opment on the sliding surfaces of a naturally formed film of nickel
oxide. On the bssis of wear and friction properties, caat Inconel per-

?
formed very well in these experiments and compares favorably with nodular
iron. Nimonic 80

AS discussed

also showed promise ES a possible cage material.

INTRODUCTION

in considerable detail In references 1 to 4, cages
(separators or retainers) have been the principal source of failure in
rolling contact bearings of aircraft turbine engines. These failures
are generally lubrication failures and occur at the cage locating sur-
faces, es indicated in figure 1. One approach to this problem involving
the use of materials with inherent “antiweld” characteristics is dis-
cussed in reference 1. h general, the materials of reference 1 do not
have satisfactory mechanical properties for cage materials at tempera-
tures greater than 600° F. Other nickel alloys, hwever, show good com-
binations of high strength and corrosion resistance at elevated temper-
atures. For these alloys, however, no data are available (even at room
temperature) on their surface failure or surface welding properties under
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extreme sliding conditions. ~ investigationwas therefore conducted to
determine the friction, wear, and surface failure properties of a number
of nickel alloys which had
6000 l?. This research was
sliding friction app=atue
on the various materials.
cage tests.

The friction and wear

good mechanical properties at temperatures above ‘
conducted at the NACA Lewis laboratory on
to obtain ftmdamental comparative information
The experiments were not intended as shulated

experiments were conducted with loaded hemi-
spherically shaped specimens with different nickel alloys sliding in a
continuous path on rotating steel disk specimens at room temperature.
Most experiments were run at a sliding velocity of 5000 feet per minute
with loads from 50 to 1593 grams. We= de%ris was studied by means of
X-ray diffraction techniques. The nickel.alloys studied included (in
order of decreasing nickel content) cast beryllium nickel, heat-treated
beryllium nickel, cast Inconel, Nimonic 80, Inconel X, Refractalloy 26,
and DiSCd-Oy. Data for “L” nickel are also included aa a standard for
comparative purposes only.

The materials used In this investigationwere selected lecause they
have adequate mechanical properties at temperatures above 600° F. The
materials studied, their compositions,

--
and scuneof their typical proper-

*

ties are listed in table I.

Although most of the values reported in table I are published data,
?

the hexdnesses were found comparable with data obtained with the Rockwell
superficial hardness tester. Initial surface-roughness values fortlne
disks were obtained with a profilometer. The properties of L-nickel were
obtained from reference 5 and other International_Nickel Company Inc.
publications. Data on lsrylliumnlckel were obtained from The Beryllium
Corporation. The properties of Nimonic 80 were obtained from The General
Electric Canpany, while the data on Refractalloy 26 and Discaloy were
obtained from Westinghowe Electric Corporation and other sources.

The photomicrographs (X1OO) of metallographic specimens of the
alloys used in the friction and wear experiments reported herein are
shown in figure 2. These photomicro~aphs show the types of structure
and the relative grain sizes of the alloys investigated.

The experiments were run with SAE 52100 steel (hAness, Rockwell
C60 to 62) as the disk specimen even though this steel is unsatisfactory
for operation at high temperatures. The high-speed tuol.steels (18-4-1
and molybdenum types) have appreciable promise for rolling-contact bear-
ings to operate at-high temperatures %ecause of the combination of hot n
hardness and relatively good fatigue strength; these steeb were, howe{er,
not available in sizes required for the disk specimens of these experiments

#
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in time for this investigation. Indications me that the results with
the tool steels of ham3nesses equal to that of SAE 52100 would not be

. appreciably different from those obtained in the majority of these experi-
ments. The thermal expansion coefficients of two tool steels are shown
in table I for comparison with the coefficients of the materials of this
investigation.

A2PARATUS AND PROCEDURE

Specimen preparation. - In each experiment there were two specimens,
the rider and the disk. The rider spechens, of the materials leing
investigated,were cylindrical (3/8-in. diam, 3/4-in. length) and had a
hemispherical tip (3/16-in. rad.) on one end. The surface of the rider
specimens wes finished by fine turning; minimum material removal per
cut waa used in order to tinhdze surface oold working. The disk speci-
mens (13-in. dimn.) were circumferentially ground on a conventional sw-
face grinder with light grinding pressures to produce a surface rough-
ness of 10 to 15 rms as measured with a profilometer. These values of
rou@ness me within the range of roughness meesurments chtained on cage
locating surfaces of representative rolling-contactbearings (reference 6).

The rider specimens were cleaned before each experiment with a clean
cloth saturated with redistill~ 95-percent ethyl alcohol. The disk.
specimens were carefully cleaned to remove all grease and other surface
contamination according to the detailed procedure given in reference 7.

. Briefly, this cleaning procedure includes scrubbing with several organic
solvents, scouring with levigated alwnina, rinsing with water, washing
with ethyl alcohol, and drying in an uncontaminated atmosphere of dried
air.

Friction apparatus. - The friction apparatus used for these experi-
ments is essentially the seineas that described in reference 7. A dia-
grenmmtic sketch of-the appsratus showing the holder assembly for the
rider spectiens and the rotating disk spechnens that are the primary
parts is presented in figure 3. The disk is rotated by a hydraulic
motor assmbly that provides accurate speed control over a range of
sliding velocities of 75 to 18,000 feet per minute. The disk specimen
waa mounted on a flywheel assembled with its shaft supported and located
by a mounting block which contained bearing assemblies for accurate
location. Loading wss accomplished hy placing weights on the exis of
the rider holder. Friction force wss messurckiby four strain gages
mounted on a beryllium-copper dynamometer ring and connected to an
observation-typepotentiometer converted for use as a friction-force
indicator. The strain gages were so mounted that temperature compensa-
tion wes obtained. The coefficient of friction ~k is calculated from

. the equation

F
~k=~

a
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where F is the measured friction force and P 1s the applied normal
load. The reproducibility of the coefficient of friction values in all
but isolated cases was within &O.04 for dry surfaces and within &O.02

k

for lubricated surfaces, The data presented are complete data from a
representative experhent on each material under the s~ecified
conditions. —

Friction-force readings are recorded ly a motion-picture camera
(64 frames/see) timed to operate for 3 seconds covering each separate
friction run.

Methciiof conducting experiments. - We= runs of 3 how duration
were made on dry surfaces with loads of 50 and 269 grams at a sliding —
velocity of 5000 feet per minute. All runs were mede at room temper=
ature. The complete run was made over the same wear track (without
radial traverse of the rider specimen). Wear of the rider wm deter-
mined at regular intervals from mesmrrements of wear-spot dtametermede
with a calibrated microscope and by weight-loss obtained with an analyt-
ical balance. The final wear-volume measurements could generally be
reproduced within @O percent in different experiments on a given mate-
ria1. Weight loss measurements were used as a rough check on the accuracy
of the wear-spot-diameter area. No wear measurements were made of the
slider (disk) specimen.

Friction runs to detemine effect of’lowling wore made with boundary-
.

lubricated surfaces at a sliding velocity of 5000 feet per minute with
—

increasing loads in increments froin119 grams to the failure point of
--

1!
the specimens. The disk was lubricated %efore each 3-second run by
rubbing a very thin film of a petroleum lubricant grade 1005 (Air Force
specification 3519, Amendment 2) on the rotating surface using lens
tissue. Previous experience at this laboratory haa indicated that the

.—

film formed by this procedure is sufficiently thin that hydrodynamic
lubrication will not occur. Reference 8 shows that-a lubricant film of
this type may approach a monomolecular film at the points of the surface
asperities. Surface failure was established by both increased friction
values and the occurrence of welding (visible metal transfer).

The loads and the specimen shapes were so chosen as to produce
relatively high iqitial surface-contact stresses. In spite of the rela-
tively light loads and large apparent cweas”~f contact of tie cages at”

—

their locating surface in rolling-contact bearings under noml condi-
tions, the actual contact stresses can be ltige. As discussed in more

—

detail in reference 9 (PP 10-32), surfaces under nominal load and with
large apperent areas of contact can have stresses at the localized con-
tact areas that are equal to the flow press~e (compressiveyield
strength) of’the materials. .

.
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As discussed in more detail in reference 1, for possible cage mater-
ials the surface failure properties are of greater hnportance then the
friction properties although these factors are somewhat related. The
first stage of surface failure is the incipient breakdown of the fluid
lubricant, and the second stage is the contact of metals free of fluid
lubricant. This condition incresses the severity of temperature flashes
which increases,the susceptibility of the metals to surface adhesion.
Subsequently, incipient surface failure occurs; this condition is usually
detected by increased friction and by the appearance of minute surface
welds. The ultimate point of failure is complete seizure or mass welding
of the surfaces. Surface temperatures that accompany mass welding ere
generally extramely high (approachingthe melting point) and may result
in the welded junctionshaving such low shear strength that there is
little or no increaae and possibly a decrease in friction. The presence
of a naturally formed reaction film such aa an oxide may generally arrest
the progression of surface failure.

Because of the importance of surface failure, particular effort was
msde in the studies described herein to detect its occurrence. Study
of the rates of wesr snd the appearance of the surfaces generally made
it possible to establish the initial occurrence of mass surface failure.

Wear of unlubricated surface. - The data of figure 4 show the total
wesr volume at different the increments up to 3 hours for each material
at a sliding velocity of 5000 feet per minute with loads of 50 (fig. 4(a))
and 269 (fig. 4(1)))grems. At the light loads (fig. 4(b)) annealed
“L” nickel (which is included = a std=d for Cmwison PmOSeS OWY)
had god wear properties. At the heavier loeds (fig. 4(b)), however,
annealed “L” nickel had more wear than cast Inconel. Table II shows the
wear for all the materiab studied as ratios of the total wear to that
for “L” nickel; these ratios are besed on data taken from figure 4.
Table II also sumusrizes fihn-fomnation and surface-failure properties
of the materials of this investigation; these properties will he des-
cribed in detail aa the individual materials we discussed. The wear
data of figure 4 show an appreciable effect of load on the relative wesr
rates of the different materials. As discussed in more detail in refer-
ence 1, the large increase in we= for annealed “L” nickel with the heavier
load is probably a result of low mechanical strength but the use of
relations based on the physical properties of the materials will not
explain the wesr properties observed in these experiments.

As for the materials of reference 1, the surface-failure and wear
properties of the materials of this investigation depended primsrfly on
the film-forming properties of the materials, but the conditions of the
wearing surface were changeable; films were continually forming, wearing
away, end reforming, thus producing we= de~rfs j-nthe fozm of black
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powder. similarly,the friction coefficients for ~e~e ~teria~ were
for the most part quite changeable with the formation of surface films.
fi general, the initial dry friction values during the wear runs (0.25
to 0.35) were substantially higher than the subsequent values (0.10 to
0.15)0 The trend of reduced friction coefficient with continued running
coincides with the formation of surface films and possibly cold working
of the slider.

The data of figure 4 indicates that cast Inconel is one of the best
of the materials, with Nimcnic 80 showing good results also. Both
materials showed appreciablefilm formation, which probably accounts for
the good wem properties. Under all conditions both of these materials
were also relatively free of welding. Cast IncOnel~d Niwnic eo com-
pare favorably from a wear standpoint with the best materials (nodular
iron and gray cast iron) as illustratedly the data curves of refer-
ence 4. Cast Inconel and Nhnonic 80, however, show appreciably lower
friction than the irons of refer+nce 4.

.-.

The wear curves for beryllium nickel (heat treated) and Discaloy at
269-grsm load were especially checked for reprmlucibility to verify the
shape of the curves.

Figures 5 and 6 are photographs of wear areas of several rider spe-
ctiens after the dry wear runs (3 br at 5000 ft/min) with loads of 50 .
(fig. 5) and 269 (f}g. 6) wwo As indicated in figure 5(a) the “L”

.

nickel appeered to have the best sbace cond~tior-of all the materials ‘“
.

in these expertients; It had a uniform black film on the wearing area *
with no sign of surface fail~e. There was an indication,however, of
appreciable.pl=tic defo~tion at the trailing edge of the slider of
the wear area (bcttom of phonograph). The plastic deformation was prob-
ab~ the result of--thelow yield stren@h of we ~nealed “L” nickelc
Cast Inconel (fig. 5(%)) and Nimcnic 80 (fig. 5(c)), which have appreciably
higher yield stren@hs than “L” nickel, did not evidence ?ppreciab~

—.—

plastic defomnation. Neither did they show sa good film forming proper- ‘-
ties as “L’rnickel, although surface films did form on the areaa that
appeard to be supporting the load. These areas also showed surface
flow as illustratedl)ythe fine lines normal to the direction of motion
(fig. 5(c)).

The films formed on the wear areas of “L” nickel spectiens run~th
a load of 269 grsms (fig. 6(a)) were not as continuous as those formed
with a loed of 50 grsms (fig. 5(a)). Mqss we~dingwes, however, effec-
tively prevented. . .- —

Cast Inconel (fig. 6(b)) had the best surface condition as well aa
the least wear of any of the materials after wear runs.at the heavier
load. Surface flow lines were present over the entire wearing area of
the specimen and since Inconelwork hardem readily (reference 10) it is
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probable that the surface of this specimen was appreciably harder than
indicated by the value given in table I. For a given material, work
hamiening of the surface might %e beneficial with respect to reducing
wesx and friction. A surface filmwss present on most of the running
area and appeared to be of a greater thickness in the srea that was
supporting the load.

The wear sre~ of the Nimonic 80 specimens (fig. 6(c)) were similar
to those obtained with cast Inconel; the Nimonic 80 exhibited surface
flow lines and nonunifomn but fairly complete film formation. The films
formed on the Nimonic 80 were, however, less uniform than those found on
the cast Inconel spechnena.

The wear track on the disk specimm shown in figure 7 are the sur-
faces against which the slider spechnen areas of figure 6 were run. In
general, the wear tracks on the disk specimen showed either a uniform
smearing of transferred metal (fig. 7) or “globs” of welded metal frcnn
the rider specimens (not shown in fig. 7). The smeared surfaces were
coated for the most part with the same naturally formed films formed on
the rider spechnens. Surface flow lines were comnon in the tranaferrti
metal. The disk specimen egainst which the “L” nickel rider specimen
operated showed smeared transferred metal on which a dark film had been
formed. The smeared films of Inconel end Nimonic 80 on the disk
(fig. 7(b) and 7(c)) were somewhat less uniform than tie smeared fil.ms
obtained with “L” nickel, and they both showed surface flow lines not
discernible on surfaces run with “L” ntckel. None of the rider materials
caused significant damage to the disk surfaces; the running surfaces on
the disks were, in fact, formmd by transferred ri~er materials. It wsa
probably only because of the films formed on the surfaces that maaa
welding was not comnon to all the alloys of the investigation reported
herein. At some time during the weex rum, beryllium nickel, Refrac-
talloy 26, and Diacaloy showed evidences of incipient failure.

Where surface photographs of materials are not included in this
report the surface appearance of the specimens may be considered as
being approximately represented by the fi.gureathat are included accord-
ing to the comparisons given in table III.

Friction of lubricated surfaces. - It is under conditions of extreme
boundsry lubrication that the sntiweld properties of the materials sre
most important. Consequently, a series OF runs was made with all the
materials under consideration sliding on boundary-lubricated disk sur-
faces; these results are presented in figure 8. The sliding velocity
was deliberately chosen from reference 11 to be above the velocity
(2500 ft/rein) which results in film failure of the grade 1005 lubricant.
In this manner, it was possible to insure that extreme boundsry-lubricating
conditions were obtained at the point of contact.
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.
According to the data of figure 8, there is relatively little dif-

ference in friction coefficients of the various materials when they are
operated under extreme boundary-lubricating conditions. As discussed in
reference 1, the high friction coefficient of “L:’nickel mqy have been
the result of the extreme plastic-deformationof the material which was
taking place at the higher load. At the higher loads, generally, the
friction coefficients for cast Inconel, Nimonic 80, Inconel X, Refrac-
talloy 26, and Discaloy were independent of load. These materials have
mechsmical and chemical properties that are the least sensitive to changes
in temperature. Increased loading would came higher surface temperatures
and, if physical properties of the surface material were essentially
unchanged and mass welding did not occur, friction coefficients wmld also
remain unchanged. Hardness was the principal physical property of inter-
est in these experiments since the low sheer strength of the surface as
well as the inhibition of-weldingwas probably provided by the surface
films which formed during sliding.

In general, friction values are most tifgcted by shear strength
between the surfaces; the narrow range of friction values obtained with
the high-temperaturematerials indicates that,the surface films formed
during sliding hed approximately the same shear strengths. b all prob-
ability, therefore, the films are the same for all these materials.
(This result is confirmed later).

.

The presence of a lubricant on the disk did not prevent the form- .

ation of surface films on the wear areas of the specimens. Several
wear arees of rider specimens are shown in figure 9. As discussed in
more detail in reference 1, annealed “L” nickel (fig. 9(a)) did not have

~

sufffcient~ield strength to withstand the contact stresses imposed at
the maximum load of 1593 grams. The appearance of the wear spot indic-
ated that plastic flow of the surfaces had occurred; the presence of a
film (which was apparent on the surface), however, prevented surface
welding.

The cast Inccmel (fig. 9(b)) had a uniform surface film with low
wear and no sign of surface failure. Ntmonic 80 (fig. 9(c)) had a con-
tinuous surface film on the wearing area, although this film was not-as
uniform as that on the cast Ihconel. Nimonic 80 also had low wear and
no sign of surface failure.

The other spechnens of the experiments generally had surfaces less
satisfactory than those exhibited by test Inconel smd Nimoni,c80. The
cast materials hed surfaces similar to cast Inconel and the wought
materiak had surfaces similer to Nimonic 80; the most apparent differ-
ences were the degree of film formation and the amount of wesr. Further
comparisons can be made by reference to table II.

.

.
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X-Ray diffraction study of we= debris. - Specimens of the black

powder formed during the wear runs with the nickel alloys were obtained
. ~rom the disk surface as was done in reference 1. X-ray powder patterns

were taken with a Debye+cherrer csmera using manganese radiation in
order to determine for each material whetier the wear debris formed was
alloy, nickel oxide, or a combination of both. In figure 10(a) there is
a comparison of the standard pattern of Inconel x) N@nic 80} Refrac-
talloy 26, and “L” nickel. The d values of the alloys approach the d
values of face-centered cubic nickel. The slight variations were caused
by the influence of the alloying elements in the space lattice of the
nickel. Therefore, “L” nickel was used as a standard to compare with
the d values of the debris. As is evident in figure n(b), nearly
all the wear debris patterns show d values corresponding to the stand-
ami pattern of “L” nickel. Other linee (d values) are apparent in

_ of the patterns. For example, d values of 2.06, 1.46, and
2.4 Angstrom units are positively identified. These lines correspond
generally to the A.S.T.M. d values for nickel oxide NiO.

The patterns for the wear debris are therefore arranged in fig-
ure n(b), in such a way as to be bracketed by the Pattern for “L” nfckel
and nickel oxide.

.

.

Comparison of these patterns indicates that both the nickel oxide
and the original alloy are present in the wear debris. The lines of
nickel oxide corresponding to the d values of 2.07 and 1.27 Angstrom
units in most cases cannot le distinguished from the lines of the
standard alloy. Extra lines are observed in the wear debris pattern of
“L” nickel, and may result from the different forms Of the oxide.

The exact proportion of oxide to alloy could not be determined from
these diffraction data but it was apparent that some of the wear de3riQ
ssmples contained more oxide than others. The most noticeable wan the
wear debris frm “L” nickel. The diffraction pattern shows that it con-
sists almost entirely of oxide. Of the other materials, cast Inconel
showed the nickel oxide diffraction pattern most distinctly. As a
general rule, it w= found that the materials with the lowest wea rates
were those which showed the highest proportion of oxide in the wesm
debris. This cmdition is consistent tith the observed fact that the
naturally formed oxide film is an effective solid lubricant which reduces
wear and surface damage (reference 1).

Practical significance. - Consideration of all the data presented
herein indicates that, of the materials included in this investigation,
caat Inconel and Nimonic 80 me prolably the most suited for sliding
surfaces under either dry or extreme boundary-lubrication conditions.
Cast Inconel consistentl-Ysho?~d good sliding characteristics with little
wear antino apparent surface welding. Under sliding conditions, the
alloy readily forms an oxide film that reduces friction and prevents
wel.ding. Appearance of the wear areas on cast Inconel spectim indicates
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that considerable plastic flow ot the surfaces occurred.
works readily and it is possible that work hardening may

Inconel cold
*
—

contribute to
the good friction properties of’the material. The combination of a
hardened surface with a low shear-strength s~face film provides a
desirable conditton from a fundamental friction standpoint (reference 9,
pp. 10-32). The performance of cast Inconel in these experiments com-
pares favombly with that of nodulex iron in the study reported in refer-
ence 4.

Thermal properties of cast Inconel make_it appear attractive for
use in high-temperature beerings; it hes a coefficient of thermal expan-
sion (table I) that is very close to that of steels. At the same time
cast Inconel retains most of its room-temperaturemechanical strength at
temperatures to 1400° F (reference5), and the fi~-fomng ProPefiies
that.contributed to its effectiveness in these experiments could possibly
be even more effective at higher temperatures.

The thermal properties of?Nimonic 80 m2iYalso be acceptable for use
in high-temperature bearings. Because its expansion coefficient of

7.34X10-6 is greater than that for steels, Nhmnic 80 may be suite?ibe~t
for the inner-race riding cages of rolling-contact leari.ngs..-

The experiments rej?ortsdherein indicate that .thefriction and
surface-failure properties of the nickel alloys me dependent to a large
extent on film-forming properties. Since formation of the oxide films
is of.value, the atmosphere whioh supplies the necess~”oxygen for film
formation is very tiportant to the proper functioning of the material =

—..

slider surface. Caution therefore m-~t ‘be.~ed in employing these mater-
ials for sliding surfaces designed to operate in inert or reducing atmos-
pheres.

Since static-frictiop data have provided much of the basis for the
generally poor opinion of nickel and nickel alloys as materials for slid-
ing surfaces (reference 1), it may he destiable to avoid designs where the

●
✎✍

—.—

.

—

.
—.-

L..

—

.—

—

nickel alloys
state again9t
oxides QQ the
damage in the
are formed.

are”allowed to operate initially in the clean or here mstal
steel, Pretreatment of the contacting surfaces to form
nickel allo3%!might be necesi%&ry to insure against surface —

initial pericd of operation ti-tilthe natural oxide films .-

Heat treatment of tmryllium nickel had a very marked ef~ect on the
.-

resistance to wear at 11.ght-loads (fig. 4(a)). At-the heavier load
(fig. 4(b)), however, the effect was i~ignificant d~ing much Of the
wear runs. The small eefect at heavy 10wI is believed to be a result of
high surface temperature occurring dur’lngq~iding, which probably exceeded
the draw temperature and thus reduced the surface hardness. Because sur- ---
face temperatures increase with lo~t~values approaching the melti~ point ~“._
of the material, it is probable that simil= results could be obtained at

.



NACA TN 2759 11

increased loading with many heat -treated metals. Materials with the
highest draw temperatures and the lowest friction coefficients will pro-
vide the most satisfactory sliding surfaoe when heat treatment is used.

The data of these experiments do not make it possible to arrive at
any conclusion regarding the effect of metallurgical structure on wear
and friction Tropertles. With materials having similar compositions,
however, caat alloys performed in a nnner suPerior to the wrou@t alloYs”

Preliminary experhuents at room temperature with several materials
of this investigation sliding against disk specimens of 18-4-1 tool
steel showed the sane general trend obtained with disks made of SAE
52100 steel having similar hardness.

All the data reported herein were obtained at room temperature;
however, the general trends observed (P=ticul~lY the s~face welding
and friction properties) indicate what might be expected at the temper-
atures of interest. Reference 9 (p. 152) ifiicates ~at fr~ction is
affected only slightly by temperatures even as
mechanical strength and chemical (for exmPle,
the materials of this investigation (both disk
not significantly affected by the temperatures

CONCLUD~GREMARKS

high as 1000° (1. The
oxidation) behavior of
and rider specimen) are
considered.

Investigation of we=, friction, and surface-failue properties of
dry surfaces and of friction and surface-failure properties of hound.ary-
lubricated surfaces of cast Inconel, wrought Inconel X, Nhonic eo,
Refractalloy 26, I)iscaloy, beryllium nickel, and heat-treated berylli~

nickel sliding on hardened SAE 52100 steel were conducted at room tem-
perature. The research showed that:

1. Desirable operating properties of all the materials studied was
sasociatal with the development on the rider surface of a naturally formed
dwk film identified by X-ray diffraction es being predominantly nickel
oxide.

These results confirmed earlier results with other nickel alloys.
It is probable that these films prevented mass surface welding wi’thall
material combinations of this investigation. High-temperature operation
in air would accelerate the formation of the beneficial surface film. A
pretreatment to form a surface film lefore operation would probally be
of value.

2. Cast Inconel was the best material in most of the experiments per-
n formed. It waa not subject to surface failure at the most severe condi-

tions and evidenced desirable lowwesz charactertitics. It has good

.

-.
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high-temperature physical properties, and a coefficient of thermal expan-
sion that approaches that for steels. These properties make cast lhconel
appe~ attractive for cages of rolling-contact tearings.

3. Nimonic 80 waa one of the better materials under all types of
operation. Because its thermal expansion coefficient of 7.34x10-6 is
greater than that for steels, Nimopic 80 may %e best suited for inner-
race riding cages of rolling-contact bearings.

4. Cast Inconel and I?imonic80 have wear properties comparable to
and friction properties lower than the cast irons previously described.

5. BeYyllium nickel, Refractalloy 26, and Discaloy showed signs of
incip!ent failure at some time during the wear runs.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, May 9, 1952
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photos are rmt included, the am-face appeamnoe

Sm21mm

[here surface of the speclmena after

various experimsmtg may be considered approxhte~ represent-.eci by the figures listed.]
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Figure
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50-g wear run 5(a) 5(c) 5(C)---- ---- ----
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. .

cage Lubrication

fallurea

(a) Tnmr-raoe riding cage.

Lubrimt

failures

cage

(b) Reller-ritimw’e.

lMgm’a 1. - LOcetion a? lubrication failures at cage l.ocatlng eurfe,ces & rolling-conbot F
-1



(.)‘Z’’tickel;etchant,
electrolyticmalicacid.

(b) Immel (cad); etoh,ant,

electrolyblo oxd.io aoid.

(.) Imxm131X; etahant, y
elec+m-olytic omillc aoid. -

Figure 2. - Photcmicrograpkm of E@AlOgmphic specimens of nickel alloys used in wear and friction experiments. XIOO.
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(d) H*O 80; etmbemt,

elem’trol@c Oxal10 aoid. :

(e)Rdr80talloY26;etichant,
equ9~ PIUEOW@C ohlcmide .

(f) Discaloy; etnhant,

el.ectmlybic cm3Llc acid. =

Figure 2. - Continued. Plmtc+aicrcgrapha of metallqzx13phic s~bma of nickel 8U.oya used in we= ma friction

experiments. X103 .
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Yi%7
(8) Bemllim nickel(aseast); (h)Berylliumnickel(heattreated);
etohant, eleotolytlo oxal.lcacid. etchant,electrolyticoxallcacid.

Figure 2. - Concluded;”Photomlomgraphs of metallographicspechena of nickel alloys used
in wear and frictionexperlment6. XICO.
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Figure4. - Vesr of severalnaterialsslitingagainsthardenedME
52100steel. Eliding~eloclty,.EVB3feet per minute.



(a) “L” niukel. (b) Imxmel (mat). (c) ImKmIo 80.

C- 29827

Figure 5. - Wear araas of rider specimene of variou6 materials efter 3-hour operation aaainat hardened W 52100 steel
.—.

vithout lubrlcatk. Slld@ velw~ty,~ feetpertiute~load,50-grams; X15.
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Figure 6. - Weer areaa of rider Bpecimens of vexious materl.ik tier 3-boor operation against Wrdened S.&E 521OU steel

(b) Dlwnel (Oati). (0) Ifimonlo 80. c-29828

v~thout Mricatim. Sliding velocity, EJXJO feet per minute; load, 26$3 IPWIIS; X.15.



(a) “L” nlokel. (35s. 6(a)

ehOwE m.ting ❑l-face. )

(b) Inconel (cast). (FQ. 6(II)

ahmm nting surface. )

(c) ~=C 60. (Fl& 6(c)
dmwe rmting surface. )

lwwm 7. - Wear tmcka cm disk BJWC-H & hardened W 531CXI steel after 3-hour opsmtlon UEIW sliders of various

mtefib without lulmicatlon. Slidlng veloolty, 3002 feet per ialnuta; load, 269 gains; X13.
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F@re 8. - Etfect of lo~ on friotion of several materlale sliding on hardened SAE 52100 steel boumhry
lubricated with grade 1005 turbine oil. Sliding velwity, 5000 feet per minute.



(a) “L” nlokel. (b) imccmel (cast). (0) mncmic 80. 2%%’-’
Figure 9. - Hear ereas of rider Qeclne?m of various materials efter similar series of friction ~iuents with hemiened

ME 52100 steel bomxlaq lubricated with gra& lCX35 turbine oil. Sliding velocity, EMCI feet per minute; load IJ9 to
1593 @3ms; X15.
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Figure10. - X-raydlff’ractlcndata for wear debrieof nickelalloysrun
3 hcurs inwesr expertintswith 269-gramloadat elidingvelocityof
5000feet per minute;manganesersdiation.
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